Recurrence times for extreme drought events in the African Sahel are estimated using a classical peaks-over-threshold model. Results, which are computed for both mean seasonal rainfall and fractional area in drought, suggest that the distribution of dry extremes after about 1970 is statistically distinct from that of preceding years. This finding throws into relief the critical role played by attribution of causes, and the necessity of improving our understanding of the physical processes driving precipitation variability in the Sahel.
Introduction
The Sahel -the semiarid region of sub-Saharan Africa lying between about 10
• and 20
• N and extending across the width of the continent -experienced a dramatic and rapid drying during the decade of the 1960s [see, e.g., Hulme, 2001; Held et al., 2005] .
This climatic shift had profound human consequences [Mortimore and Adams, 2001] and engendered a great deal of interest in both the climate and social science communities [see, e.g., Batterbury and Warren, 2001 , and other articles in that issue]. In several individual years, among them 1972 and 1984, drought was both particularly intense and widespread, motivating the question that is addressed herein: Given the known precipitation history of the Sahel, what can be said about the expected recurrence time for events of such severity? This issue is clearly of more than academic interest, bearing as it does on matters of adaptation, climate risk management and more specifically, food security, in coming decades.
In this analysis, extreme-value distributions for threshold exceedances are fit to both area-averaged seasonal rainfall and fractional Sahel area in drought; results indicate that GREENE ET AL.: SAHEL DROUGHT RETURN TIMES X -5 described does not address the attribution problem itself, however [see, e.g., Giannini et al., 2003; Biasutti and Giannini , 2006 , for examples of recent attribution studies].
In Sec. 2 the two drought metrics utilized and the data from which they are derived are presented, and the shift toward a more arid climate is discussed. The analysis is taken up in Sec. 3, which presents, in addition to return time estimates, some theoretical and practical considerations. Section 4 presents conclusions, and considers the return time problem in the larger context of attribution.
Characterization of drought

Severity vs. extent
Water stress can be gauged using a variety of metrics, two of which are shown in are therefore likely to be robust with respect to data set employed. [Nicholson, 1981; Lamb, 1982; Katz and Glantz , 1986; Hubert, 2000] , and a sensitivity analysis showed little dependence of analytical results on the precise year used as a dividing point.
Transition to drier conditions
Careful inspection of Fig in the basic treatment described herein. The degree to which rainfall minima follow the mean trend is also open to question.
Analysis
Theoretical basis
Return times are estimated using a peaks-over-threshold model, in which the generalized Pareto distribution (GPD) is fit to those data whose values exceed a specified level. Given certain distributional assumptions, the GPD is asymptotically optimal for the parametric modeling of threshold exceedances [Coles, 2001] .
The choice of threshold to be used in estimating model parameters involves a classical balance between bias and variance: The greater the number of exceedances, the more precise will be estimation (lower variance). However, the assumptions on which such models rest are asymptotic, and apply better at higher thresholds (lower bias). Threshold choice was accomplished with the aid of diagnostics that probe this balance, including plots of mean residual life (the average by which extremes exceed a given threshold) and scale and shape parameters of the GPD against threshold, and confirmed with goodnessof-fit metrics to be discussed. Optimally selected thresholds should provide the best return-time estimates for extremes at all levels; it is not necessary that they correspond to those deemed most relevant for impacts or adaptation.
Application
The GPD was initially fit to the pre-1970 data, using thresholds of 240 mm and 0. Empirical return levels for the post-1970 period are also plotted in Figs. 3a and 3c , as filled circles, and are seen to fall completely outside the modeled CI. For rainfall, the return-level curve approaches an asymptotic limit of 180 mm. Seven of the post-1970 points lie above this level, indicating return times, based on the pre-1970 model, that are nominally infinite (i.e., the model predicts that such events will never occur). For the fractional area data the disagreement is not quite so stark: the inferred asymptotic limit is actually somewhat greater than unity, which, by construction, none of the empirical values can exceed. The post-1970 distribution nonetheless comports poorly with the pre-1970 fit. These discordances strongly suggest that pre-and post-1970 Sahelian hydroclimates are statistically distinct, and that it would be fundamentally inconsistent to estimate post-1970 return times using models fitted to the earlier data. 25 a, with a 95% CI of (9, 103) a. Corresponding values for the fractional-area metric, with a median extreme of 0.85, are similar: recurrence time 31 a, CI (9, 141) a.
Return times
Trailing analytical considerations
The analysis presented assumes independence of the exceedance data, e.g., that the occurrence of drought in a particular year does not increase the probability that the following year will also be dry. Inspection of Fig. 1 suggests that this assumption could be imperfectly realized, in that there may be some tendency, particularly in the precipitation data, for exceedances to cluster. In part, this can be viewed as a result of ignoring the upward trend in the early part of the record: There are no exceedences between 1949 and 1966, in effect "crowding" those events that do cross the threshold into a 54-year interval (for the pre-1970 data). Statistical tests for proportions, as well as experiments with "partial declustering" (deletion of a single extreme that was part of a cluster), were therefore performed. These suggested that while there may be a slight tendency for an exceedance to be followed by another in the pre-1970 rainfall data (this is not true of the post-1970 rainfall, or of the fractional-area data in general), the conclusions presented have not been compromised thereby.
Regarding the fractional-area metric, the lowest quintile was chosen after some experimentation: Use of the lowest decile was found to produce a record that tends to "saturate"
at low values, while the driest years are represented by fractional drought areas < 0.8, leaving considerable "headroom" at the upper end of the scale. Use of the quintile metric reduces the saturation, better centers the data and improves goodness-of-fit of the model.
The degree to which such a metric might be utilized directly in adaptation work remains to be determined, but its use here is not limiting in this regard.
This analysis does not account for spatial structure in the precipitation record. A treatment that resolved such structure would likely be informative, and could prove helpful in the anticipation, and ultimately management, of the climate risks faced by this vulnerable region.
Conclusions
The foregoing analysis indicates that pre-and post-1970 Sahelian hydroclimates differ;
as a consequence, return times have been estimated utilizing the latter period, on the assumption that the more recent past represents a better analog for the Sahelian climate of the future. Of course it is not known with certainty that this is the case, and indeed, there is speculation that a shift toward a less arid state may already be underway [cf. 
